Objectives: Low serum 25-hydroxyvitamin D (25(OH)D) and elevated parathyroid hormone (PTH) levels have been linked to insulin resistance, the metabolic syndrome (MetS) and its components. Data in healthy, community-dwelling Europeans are lacking, and previous studies have not excluded subjects receiving drug treatments that may distort the relationship between 25(OH)D/PTH and MetS. The aim of our analysis was to examine the association of 25(OH)D and PTH with Adult Treatment Panel III-defined MetS in middle-aged and older European men. Design: This was a population-based, cross-sectional study of 3369 men aged 40-79 years enrolled in the European Male Ageing Study. Results: After exclusion of subjects with missing data, 3069 men with a mean (GS.D.) age of 60G11 years were included in the analysis. Age-adjusted 25(OH)D levels were inversely associated with waist circumference, systolic blood pressure (BP), triglycerides, and glucose (all P!0.01). Age-adjusted PTH levels were only associated with waist and diastolic BP (both P!0.05). After adjusting for age, centre, season and lifestyle factors the odds for MetS decreased across increasing 25(OH)D quintiles (odds ratios 0.48 (95% confidence intervals 0.36-0.64) highest versus lowest quintile; P trend !0.001). This relationship was unchanged after adjustment for PTH, but was attenuated after additional adjustment for homoeostasis model assessment of insulin resistance (0.60 (0.47-0.78); P trend !0.001). There was no association between PTH and MetS. Conclusions: Our results demonstrate an inverse relationship between 25(OH)D levels and MetS, which is independent of several confounders and PTH. The relationship is partly explained by insulin resistance. The clinical significance of these observations warrants further study.
Introduction
25-Hydroxyvitamin D (25(OH)D) and parathyroid hormone (PTH) are important physiological regulators of extracellular calcium homoeostasis. A number of recent population-based, cross-sectional studies suggest additional metabolic roles for these hormones (1) (2) (3) (4) (5) . Data from the California-based Rancho Bernardo study, in which subjects have high sunlight exposure and high vitamin D levels, indicated that 25(OH)D was not related to prevalent metabolic syndrome (MetS) (4) , whereas US population-based data from NHANES, in which vitamin D levels were lower, indicated a marked inverse relationship between these variables (5) . Both studies also suggested that PTH was related to prevalent MetS in older men. There is some biological plausibility for these relationships because low vitamin D levels, and to a lesser extent elevated PTH levels, have been associated with glucose intolerance and insulin resistance (6) (7) (8) (9) (10) .
Although the studies by Reis (4, 5) and others (3, 11) were population based and some were adjusted for several confounders including PTH and 25(OH)D levels, subjects taking anti-hypertensive and lipid-lowering medications were not excluded from these analyses. We are not aware of any previous studies that have specifically explored the effects of these groups of drugs on the relationship between the vitamin D/PTH axis and MetS, though it is possible that any associations may potentially be distorted by medication use targeting component parts of the MetS.
The purpose of our study was to examine the crosssectional associations of 25(OH)D and PTH levels with MetS in a large population-based cohort of European men and to contrast the strength of any associations after excluding those taking medications that might influence these relationships.
Methods

Subjects
The European Male Ageing Study (EMAS) is a prospective, non-interventional cohort study of male ageing in Europe. Details regarding recruitment, response rates and assessments have been previously described (12) . Briefly, noninstitutionalised men aged 40-79 years were recruited from municipal or population registers in eight centres: Florence (Italy); Leuven (Belgium); Lodz (Poland); Malmö (Sweden); Manchester (UK); Santiago de Compostela (Spain); Szeged (Hungary); Tartu (Estonia). For the baseline survey, stratified random sampling was used with the aim of recruiting equal numbers of men into each of four age bands (40-49, 50-59, 60-69 and 70-79 years). Subjects were invited by letter to complete a short postal questionnaire and to attend for screening at a local clinic. The mean adjusted response rate across the eight centres was 43% (range 24-60%). The study was funded by the European Union, and ethical approval for the study was obtained in accordance with local institutional requirements in each centre.
Assessments
The postal questionnaire included items concerning demographic, health and lifestyle information. Subjects were asked about tobacco use (response setZcurrent/past/non-smoker) and typical alcohol consumption during the preceding month (response setZevery day/5-6 days/week/3-4 days/week/1-2 days/ week/! once/week/not at all). Those who agreed to participate subsequently attended a research clinic to complete an interviewer-assisted questionnaire (IAQ) and physiological assessments. The IAQ included the physical activity scale for the elderly (PASE) (13) to assess physical activity levels. Blood pressure measurements were performed after a 5-min rest period to the nearest 1 mmHg with subjects seated using an Omron 500I automated sphygmomanometer (Omron Healthcare Ltd, Milton Keynes, UK). Height was measured barefoot to the nearest 1 mm using a stadiometer (Leicester Height Measure, SECA UK Ltd, Birmingham, UK), and weight to the nearest 0.1 kg using an electronic scale (SECA, model no. 8801321009, SECA UK Ltd) with subjects wearing light clothing. Each centre's electronic scales and stadiometers were calibrated on a monthly basis. Waist circumference was measured thrice to the nearest 1 mm using anthropometric tape, mid-way between the lowest rib and the iliac crest with the subject standing, and the median used to score. Current prescription and non-prescription drug use was recorded with participants bringing in all medications for confirmation.
Biochemistry
Phlebotomy was performed prior to 1000 h to obtain a fasting blood sample from all subjects. Processed serum was stored and protected from light at K80 8C prior to analysis and shipped on dry ice to central laboratories for measurement of 25(OH)D (Katholieke Universiteit Leuven) and PTH (University of Santiago de Compostela). Serum 25(OH)D levels were determined using RIA (RIA kit: DiaSorin, Stillwater, MN, USA). Intra-and inter-assay coefficients of variation (CV) for 25(OH)D were 11 and 8% respectively. The detection limit of the RIA kit was 5.0 nmol/l 25(OH)D. Serum was assayed for PTH using a chemiluminescence immunoassay (Nichols Advantage Bio-Intact PTH assay, Quest Diagnostics, Madison, NJ, USA). Intra-and inter-assay CV for PTH were 6 and 2.8% respectively. The detection limit of the chemiluminescence immunoassay was 0.16 pmol/l.
Analyses for cholesterol, high-density lipoprotein (HDL) cholesterol and triglycerides were performed locally in all centres using commercially available enzymatic methods. Fasting glucose was measured using standard hexokinase enzymatic assays. Insulin was assayed using quimioluminiscence (University of Santiago de Compostela). Insulin resistance was calculated using the homoeostasis model assessment of insulin resistance (HOMA-IR) (14) . All clinical pathology laboratories were accredited by the relevant national authorities and adhered to current guidelines on Good Laboratory Practice as specified by EU Directive 2004/9/EC (15).
Metabolic syndrome
To assess the prevalence of MetS among the EMAS cohort, we used the current ATPIII guidelines (16) . The ATPIII definition of MetS was met if subjects had at least three of the following: a waist circumference O102 cm, a triglyceride level R1.7 mmol/l, a HDL cholesterol level !1.03 mmol/l, systolic blood pressure R130 mmHg and/or diastolic blood pressure R85 mmHg, and fasting glucose R5.6 mmol/l.
Analysis
Statistical analyses were performed using Intercooled Stata version 9.2 (StataCorp., College Station, TX, USA). Subjects with missing 25(OH)D and PTH measurements (nZ151), or incomplete MetS data (nZ149) were excluded, leaving 3069 men in the main analysis. 25(OH)D and PTH were examined as continuous variables or classified into quintiles. Age, the PASE score and individual components of the MetS were treated as continuous variables in linear regression models. Season of attendance at the clinic was defined as winter (January-March), spring (April-June), summer (July-September) and autumn (October-December). The associations of 25(OH)D and PTH with covariates were examined using Pearson correlation and one-way ANOVA.
We initially explored the association of both 25(OH)D and PTH levels with MetS components using linear regression (adjusting for age), with results expressed as b coefficients and 95% confidence intervals (CI). Mean levels (GS.E.M.) of each MetS component by quintile of either 25(OH)D or PTH were then estimated using multiple linear regression models adjusting for potential confounders (age, physical activity and season). In addition, to allow for the likelihood that observations are independent across centres, but not necessarily within centres, robust standard errors were requested using Stata's cluster subcommand with centre as the clustering variable. Linear trends were assessed by using the quintiles of 25(OH)D or PTH as ordinal terms in the regression model. Finally, multivariable logistic regression models assessed the individual and combined associations of 25(OH)D and PTH with MetS after serial adjustments for potential confounders, including HOMA-IR, with results expressed as odds ratios (ORs) and 95% CI. Effect modification by age was also assessed by inclusion of interaction terms between 25(OH)D or PTH concentration and age (by decade) in the logistic regression models.
Results
Subjects
The clinical characteristics of the 3069 men included in the analysis sample are shown in Table 1 .
25(OH)D and PTH
25(OH)D was inversely related to PTH (rZK0.18, P!0.001) and varied markedly by season of measurement (meanGS.D.): summer, 85G33 versus winter, 50G26 nmol/l (P!0.001). 25(OH)D was inversely related to body mass index (BMI) (rZK0.10, P!0.001), and positively related to PASE score (rZ0.10, P!0.001). There were significant betweencentre differences in mean levels of 25(OH)D, ranging from 77 nmol/l in Malmö to 47 nmol/l in Tartu (adjusted for season, P!0.001).
Higher levels of PTH were observed in the winter (3.2G1.7 pmol/l) as opposed to the summer months (2.9G1.5 pmol/l), and these seasonal differences were statistically significant (PZ0.03). PTH levels increased with age (rZ0.13, P!0.001), BMI (rZ0.08, P!0.001) and were inversely related to PASE score (rZK0.13, P!0.001). Current smokers had lower levels of both 25(OH)D and PTH than non-smokers (P!0.01). Subjects reporting drinking one or more alcoholic drinks per week had higher 25(OH)D and lower PTH levels than those drinking less frequently (both P!0.01). As with 25(OH)D, mean levels of PTH varied between centres ranging from 2.7 pmol/l in Szeged to 3.4 pmol/l in Leuven (adjusted for season, P!0.001). Using linear regression, we did not find a significant association between the latitude of each centre, which ranged from 42.888N (Santiago) to 58.388N (Tartu), and either 25(OH) (bZK0.10, PZ0.3) or PTH (bZK0.01, PZ0.1) after adjusting for season of attendance.
Metabolic syndrome
The MetS was present in just under one-third of subjects (Table 1) . Among those not using anti-hypertensive, diabetes and/or lipid-lowering medications, this fell to one quarter (24.7%). The prevalence of individual MetS components according to the current ATPIII guidelines ranged from 13% of subjects with low HDL cholesterol to 85% of subjects with hypertension. Age-adjusted associations between 25(OH)D and PTH and components of the MetS are presented in Table 2 . Increasing 25(OH)D levels were associated with lower values for waist circumference, systolic blood pressure, diastolic blood pressure, triglycerides and glucose, and higher values for HDL cholesterol. However, increasing levels of PTH were only significantly associated with higher values for waist circumference and diastolic blood pressure, and lower values for HDL cholesterol. When the regressions of 25(OH)D and PTH versus blood pressure, lipids and glucose were additionally adjusted for waist circumference, the associations between 25(OH)D and both diastolic blood pressure and HDL cholesterol, and PTH and HDL cholesterol was no longer significant (all PO0.07; data not shown).
Adjusted means for individual components of MetS across 25(OH)D or PTH quintiles are shown in Table 3 . Waist circumference, systolic blood pressure, triglycerides and glucose levels were inversely associated with increasing 25(OH)D quintiles (all P trend %0.05), and these relationships were essentially unchanged after additional adjustment for smoking, alcohol consumption and other MetS components (all P trend !0.05, data not shown). Increasing PTH quintiles were positively related to waist circumference, systolic blood pressure and diastolic blood pressure (all P trend %0.02), and these trends remained significant for waist circumference and diastolic blood pressure (both P trend !0.02) after additional adjustment for smoking, alcohol consumption and other MetS components, but not for systolic blood pressure (P trend Z0.6, data not shown).
The associations of 25(OH)D or PTH with MetS are summarised in Table 4 . The adjusted odds for MetS 
1).
No association between PTH and MetS was observed in any of the models, and there was no evidence that the PTH-MetS association was modified by age (P interaction O0.1).
When the above logistic regression models were repeated following exclusion of subjects receiving diabetes, anti-hypertensive and/or lipid-lowering medications (nZ1960), the results were broadly unchanged. In Model 1, the adjusted odds for MetS decreased w40% across increasing quintiles of 25(OH)D (OR 0.56 (95% CI 0.33, 0.94) for highest versus lowest quintile; P trend Z0.01). The association was unchanged following adjustment for PTH (Model 2) (0.57 (0.35, 0.93) for highest versus lowest quintile; P trend Z0.01), but additional adjustment for HOMA-IR (Model 3) again attenuated the relationship (0.70 (0.47, 1.04) for highest versus lowest quintile; P trend Z0.04). As with the analysis using the entire sample, we observed no relationship between PTH and MetS in models excluding men using specific medications (all P trend O0.3, data not shown).
Discussion
Main findings
In this population-based study of middle-aged and older European men, we showed that age-adjusted 25(OH)D levels were significantly associated with all MetS components. Waist circumference, systolic blood pressure, triglycerides and glucose levels were inversely associated with 25(OH)D after additional adjustment for physical activity, season and centre. The odds of MetS decreased w50% across increasing 25(OH)D quintiles, and this relationship was in part explained by insulin resistance. Waist circumference, diastolic blood pressure and systolic blood pressure were associated with PTH levels after multivariable adjustment, but there was no evidence of an association between PTH levels and MetS.
Previous studies of 25(OH)D and MetS
Several factors might explain why population-based studies exploring the association of 25(OH)D with MetS, and its components have yielded conflicting results. Ford and co-workers showed in NHANES subjects that the adjusted risk for MetS was inversely associated with 25(OH)D levels, but this study was limited by the failure to adjust for PTH (1) . This is potentially important because low calcium and vitamin D levels are physiological stimuli for PTH synthesis, and there is evidence that elevated PTH may influence the risk for MetS (17) (18) (19) (20) (21) (22) (23) (24) . In a subsequent analysis that adjusted for PTH levels, Reis and co-workers found no association between MetS with 25(OH)D levels in men or women (4). These Rancho Bernado study participants resided in southern California where high levels of exposure to u.v. radiation probably contributed to the relatively high 25(OH)D levels (mean w105 nmol/l). In a separate study in NHANES subjects, Reis and co-workers reported a strong inverse relationship between 25(OH)D levels and prevalent MetS that was independent of PTH levels and other important confounders (5) . The mean 25(OH)D level among this representative sample of the non-institutionalised US population was (5) . Data in humans suggest that low 25(OH)D levels are associated with glucose intolerance and insulin resistance (6, 9, 10) . In support of this, we showed that the relationship between MetS and 25(OH)D was in part explained by insulin resistance. The cross-sectional nature of our data does not exclude the possibility that obesity and hypertension, and associated co-morbid conditions, could reduce levels of outdoor physical activity and sun exposure. This explanation may be less likely because even short duration sun exposure from late spring to early autumn will stimulate vitamin D synthesis and when we additionally excluded many of our less healthy subjects who were receiving therapy for diabetes, hypertension and/or dyslipidaemia, our results were largely unchanged. Residual confounding from low 25(OH)D levels acting as a marker for a less healthy lifestyle and diet not identified by the measured covariates might also explain our findings.
Previous studies of PTH and MetS
In the Rancho Bernardo study and in NHANES subjects, Reis and co-workers showed that prevalent MetS was positively related to PTH concentration among older men but not women (4, 5) . In contrast, we found no relationship between MetS and PTH levels in men and no evidence of an age interaction even in minimally adjusted models (P interaction O0.1). It is possible that when we excluded men who were using medications targeting component parts of the MetS, our data reflect the true physiology more closely. However, we found no evidence of an association between PTH and MetS even when subjects receiving diabetes, anti-hypertensive and/or lipid-lowering medications were excluded from the analysis.
Our mean PTH levels (3 pmol/lz28 pg/ml) were lower than compared with Reis' studies; 51 pg/ml (4) and 42 pg/ml (5) respectively, and it is possible, therefore, that a threshold also exists for PTH whereby elevated PTH may influence the development of MetS whereas lower levels do not. In either case, our data do not support an independent association between the MetS and PTH in men.
Strengths and limitations
We have studied a large, population-based sample of European men. We adjusted for physical activity, 25(OH)D and PTH status which were assessed by standardised methods (12) and the age-stratified enrolment facilitated robust exploration of age interactions. To allow for possible distortion of the relationship between the vitamin D/PTH axis and MetS by medication use targeting diabetes, hypertension or dyslipidaemia, we repeated our logistic regression models excluding subjects who were currently treated for pre-existing components of the MetS. Although our rationale to exclude these men was theoretical, it was based on the premise that the association between 25(OH)D/PTH and MetS may be falsely inflated if subjects with currently treated components of the MetS were included in the analysis. Evidence of a stronger relationship between 25(OH)D and the MetS in analyses using the entire EMAS sample supports this notion, although the overall pattern of associations was unchanged.
Our study has a number of limitations. The crosssectional design limits conclusions about causal relationships. We enrolled non-institutionalised, primarily Caucasian men with a study response rate of 43%, which could limit the generalisability to other groups. 25(OH)D and PTH were assayed from a single measurement and, consequently, the strength of the observed associations are likely to be conservative. However, given that the prevalence of MetS in our sample was relatively common and we used a logistic regression model to determine ORs from cross-sectional data, it is possible that we may have overestimated the magnitude of the observed associations (25) . Finally, we did not adjust for calcium intake, although adjustment for PTH in the 25(OH)D analysis should partly compensate for this.
Clinical implications
Studies in animals (26) (27) (28) and some (29, 30) but not all (31) data in humans suggest that vitamin D therapy could improve glucose intolerance and insulin resistance (29) . These studies and the data presented here could inform therapeutic trials of vitamin D on incident MetS and ultimately on incident diabetes and/or cardiovascular disease in subjects with low 25(OH)D levels. However, it is premature to suggest vitamin D therapy to prevent MetS, diabetes or cardiovascular
